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Abstract - The reversibility of aggregates during flocculation was investigated. The stable diameter (d) and the
power law slope coefficient of the particle size distribution (5) were applied to follow re-formation after breakage.
A non-intrusive image-based technique was used for monitoring flocs. Aggregates were formed by adding alum
[AL(SO,), 18H,0] by the sweep-coagulation mechanism to two synthetic waters, prepared from kaolin (Fluka)
and humic acid (4/drich Chemical). Velocity gradients (G) varied from 20 to 120 s during experiments, and the
rupture occurred under controlled conditions. After rupture, the initial condition was reinstated and reversibility
analyzed. Results pointed out the irreversibility of breakage for both Al-kaolin and Al-humic flocs. The stable
diameter of aggregates after breakage (d,) varied from 157 to 132 pm for Al-humic and from 233 to 123um for
Al-kaolin aggregates, using G from 20 to 120 s'. B, values varied from 1.2 to 4.6 for Al-humic and from 0.6 to

7.7 for Al-kaolin.
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INTRODUCTION

Coagulation and flocculation are widely applied in
physical-chemical processes to enhance solid-liquid
separation. Particle removal performance depends
greatly upon the formation of aggregates with suitable
proprieties, compatible with the separation technology
(Chakraborti, 2003; Yukselen and Gregory, 2004).
Particle aggregation may be necessary even for a
membrane process, where fouling is an important
issue (Yu et al., 2010a).

Coagulants based on hydrolyzing metal salts
are commonly used in drinking water treatment for
particle destabilization (Yukselen and Gregory, 2004).
The dose of metal salts and pH define the mechanism
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of destabilization, where neutralization and sweep
coagulation mechanisms are most expressive. Low
coagulant dosages favor the coagulation mechanism
of adsorption and charge neutralization, while higher
dosages lead to sweep coagulation, as presented by
Crittenden (2005). After coagulation, the destabilized
particles can be aggregated by controlling mixing,
using paddles or hydraulic devices. This process is
called flocculation.

Flocculation kinetics can be described as the
result of two combined and simultaneous effects:
aggregation and breakup. The extension of each
effect depends on mixing intensity and residence
time; however, the dynamic balance between these
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conjoint effects can lead to a steady-state aggregate
size distribution (Argaman, 1970; Yukselen and
Gregory, 2004). So, the flocculation steady-state can
be understood as the equilibrium between shear-
induced forces and aggregate strength. This balance
leads to aggregates that have a specific characteristic,
such as a stable representative size (diameter) and a
determined size distribution, as reported by Li et al.
(2006), Yu et al. (2010b) and Yu et al. (2015). Thus,
aggregate formation and their characteristics strongly
depend on the mechanism of destabilization and
mixing conditions.

Nevertheless, breakage of aggregates may damage
flocs after formation by increasing shear, thus changing
their characteristics and affecting the whole separation
process. In drinking water treatment plants, the
breakage of aggregates may occur in the flocculation
chamber itself, due to the inadequacy of mixing, or in
the passages and entrances, i.e., channels, floodgates,
apertures and orifices. Increased shear causes a rupture
of aggregates to smaller sizes within a few seconds
(Yukselen and Gregory, 2004).

Breakage of previously formed aggregates must be
avoided as much as possible, but it is inevitable in some
cases. The capacity of recovery of the previous size
after breakage is called reversibility, and it depends
on coagulant type, mixing intensity and residence
time (Yukselen and Gregory, 2004; Yu ef al., 2015).
Reversibility may not occur, as a new steady-state
after breakage of aggregates is expected.

Li et al. (2007) reported the irreversible nature of
breakage in the case of hydrolyzing coagulants and Yu
et al. (2010a) described the use of additional doses after
rupture as an alternative to re-formation of aggregates.
However, Yukselen and Gregory (2004) reported that
aggregate formation, rupture and re-formation may
occur several times, but the stable aggregate size is
smaller after each breakage.

The use of surrogate parameters to evaluate
aggregate size is common, and they have been used
to report reversibility studies (Jarvis et al., 2005; Yu et
al.,2010a; Wei at al., 2010; Yu et al., 2012). However,
in this study we presented the direct measurement
technique to follow reversibility, since it may be a
useful tool for aggregation and breakage assessment
(Sun et al., 2016).

In this paper, reversibility after breakage of
aggregates for two water types was prompted under
controlled conditions, using an image-based system to
directly measure the stable diameter and the aggregate
size distribution.

METHODS

Waters studied and coagulation

Two waters were prepared from stock solutions. For
one, denominated type 1, 30 mg/L humic acid solution
(Aldrich Chemical) was used to obtain a 50 PtCoas
initial condition, according to Constantino (2008). For
another, denominated type 2, kaolin solution (Fluka)
was prepared to obtain 25 NTU, according to Padua
(1994) and Yukselen and Gregory (2004). A Malvern
Mastersizer 2000 was used to determine the size
distribution of kaolin particles.

Coagulation was performed by dosing alum
[AlL(SO,)," 18H,0] by a  sweep-coagulation
mechanism, following the recommendations described
by Oliveira et al. (2015). Dosages were converted tp
A" units, and ImM sodium hydroxide (NaOH) was
used as buffer during coagulation to control pH. All
assays were performed at room temperature (20 £ 2 °C).

Flocculation and reversibility of breakage assays

Jar tests were performed for reversibility of
aggregates, by means of flocculation and re-formation
assays. The equipment (Ethik technology Model 218/6
LDB) was coupled to a non-intrusive image-based
system, as described by Oliveira et al. (2015). Images
were taken with 2% bits in monochromatic mode at
5 minute intervals at a frequency of 10 Hz for 10
seconds, using a Vision Research Miro EX4 camera
together with a set of lenses to obtain a pixel size
of 10 pm. Lighting was provided by a laser sheet of
20,000 mW and wavelength of 520 nm, as described
by Moruzzi and Reali (2010). A total of 900 images
were processed using the Image Pro-Plus® software.
Figure 1 presents a scheme of the experimental
apparatus and one example of an image taken under
the above described conditions.

A velocity gradient of 800 s'during 10 seconds for
flash mix was used in all assays. For flocculation, the
following mean velocity gradients (G) were applied:
20, 30, 40, 50, 60, 80, 100 and 120 s™'. G values were
kept constant during the first 25 minutes and, after this
period, G was set to 800 s for 10 seconds for floc
breakage. After rupture, the initial condition was set
back to the initial value and kept at that level for 40
minutes, in order to evaluate reversibility. Figure 2
shows a scheme of how G varied with time for the
flocculation, breakage and re-formation studies.
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Figure 1. Scheme of the experimental apparatus (a); example of a raw image as captured (b).

Determination of the stable diameter (d) and
power law coefficient (/) from the aggregate size
distribution

In order to enhance precision during image
processing, aggregates with diameters lower than 100
pum (10 times the pixels size) were not computed, as
recommended by Chakraborti (2003), Moruzzi and
Reali (2010) and Moruzzi et al. (2017).

The stable diameter (d) of aggregates was
determined from the plateau of temporal curves and
represents the average of the aggregate characteristic
length. The longest length of the encased ellipse
(d ) was used as the aggregate characteristic length,
following Li et al. (2007) and Moruzzi et al. (2017).
Thus, the value of d, represents the average of the d
values (Equation 1) or arithmetic mean during the
steady state of flocculation (plateau). On the other
hand, the value given by d, is the conjugate value of
d, after breakage, i.e., during the re-formation stage.

_ 15
d _%;dmax (H

where d is the stable diameter (um); d_ _is the longest
length of the encased ellipse (um); 7 is the number of
aggregates counted.

The plateau was determined from the incremental
variation of mean diameter (4d) during flocculation.
This variation tends to a narrow range, as the result
of the dynamic steady state. The incremental variation
was determined from Equation 2. The typical value in
the plateau was then determined from the average of
the diameters within 4d < 10%.

(di_di—l)
d;
where: Ad is the incremental variation of mean

diameter; subscripts / and 2 are for the plateaus before
and after breakage, respectively; i is the time at which

Asz = (2)
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Figure 2. Scheme of G variations with time for the flocculation,
breakage and re-formation assays.

incremental variation is determined and i-/ is the
previous time of i.

The relation between d and G given by Equation 3 is
frequently used for indirect measurements of aggregate
strength, according to Yeung and Pelton (1996). Here,
it was applied for the d with G evaluation during
flocculation and re-formation assays.

d=CG” 3)

where d is the stable diameter; C is the aggregate
strength constant; y is the stable floc exponent; G is
the mean velocity gradient.

For the power law slope coefficient (f)
determination, the entire population of aggregates with
different characteristic lengths (d ) was classified into
discrete size ranges within the interval [100 - 1,420
um] with a step of 30 um. Afterwards, the § parameter
was calculated from the discrete size ranges. For each
experimental set, f was calculated by means of the
best fit of a log-log plot of Equation 3. The log-log plot
slope S is a measure of the relative number of particles
in each size range and it was used for the analysis of
particle size information, as presented by Crittenden
(2005). The significance of changes of G with f values
will be discussed below in the results section.

dN _ _ -8
) ~A@) @

where dN is the aggregate number concentration
with respect to the incremental change in aggregate
diameter d(d p); A is the power law density coefficient;
dp is the aggregate diameter (um); S is the power law
slope coefficient.

Analogous to d,, the B, values were calculated for
steady state of flocculation, i.e., using the average of

the f values from the plateau. In contrast, 8, is the
conjugate value of #, i.e., represents the average of
the f values from the plateau after breakage, during
the re-formation stage.

RESULTS AND DISCUSSION

Figure 3 shows the particle size distribution for
kaolin. The results indicate a heterogeneous size range,
varying from lower than 1 um up to higher than 100 pm
in diameter, with a median of 7.5 pm. The large size
of kaolin was adopted as the lower limit for aggregate
size recovery analysis, since particles smaller than 100
um could represent both primary particles and small
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Figure 3. Cumulative primary particle size distribution for kaolin.

aggregates, thus resulting in an inaccurate region of
measurement.

The type lwater was coagulated by dosing with
15 mg APP*/L at pH of 5.0, while 4 mg AP**/L at pH
of 7.0 were used for coagulation of the type 2 water.
These were the optimum conditions, within sweep-
coagulation mechanism, obtained during coagulation
assays, and they were applied in all subsequent
investigations.

Reversibility results regarding the aggregate stable
diameter (d) and power law coefficient (£), taken from
the aggregate size distribution for the two investigated
waters are presented in the following items.

Figure 4 shows that the variation of Ad from
Equation 2 was smaller than 10% for the great majority
of G in time intervals of [10-15] and [15- 20] during
the flocculation. Therefore, the values of d during
flocculation (d,) and after breakage (d,) were taken
from the interval in which Ad < 10%.
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Figure 4. Ad evolution during flocculation for different shear rates,
Equation 2.

Reversibility of aggregates monitored by the stable
diameter (d)

The stable diameter (d) evolution for Al-humic and
Al-kaolin aggregates in different shear rates, expressed
as mean velocity gradients (G), are shown in Figure 5.
Aggregate formation, breakage and re-formation over
time and G were observed. The behavior observed in
Figure 5 is quite similar to those observed by other
authors using indirect measurements (Yu et al., 2015).
However, the stable diameter (d) can be more useful,
because it assesses size instead of surrogate parameters.

Initially, the d value trend was to increase until the
plateau was reached, where d, was calculated for the
interval [10-20] minutes. In some cases, a maximum
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aggregate size was reached, followed by a decrease
before the plateau, as also described by Peng and
Williams (1994). Then, the aggregates were broken at
high shear rate, and d values rapidly decreased to a
minimum value, followed by a re-formation. So, a new
stable diameter (d,) for the interval [30-40] minutes
was calculated.

The breakage of aggregates induced by G at
high shear occured at 25 minutes for all investigated
conditions. At this point, the majority of the d values
were around 150pm, except for G of 20 s for type
2 water, where d was around 250 um. This behavior
is difficult to explain, but it is believed that kaolin
aggregates of large size would take more time than was
applied to break into smaller fragments. Further, the
different characteristics of primary particles can lead
to different structural arrangements (Yu et al., 2015).

The values of d, and d,, as well as their ratio (d, /d,)
for all shear rates and water types are summarized
in Tables 1 and 2. It is clear that the d, values were
always smaller than d, for all investigated conditions,
as also reported by Yukselen and Gregory (2004).
This ratio can be used to indirectly evaluate aggregate
reversibility, where the closer to 1.0 the better the
re-formation (full reversibility is reached for d, /d,
= 1). However, the ratio d, /d, is higher for high G,
as d, values were smaller in these cases. Thus, high
values of the ratio d, /d, cannot be interpreted as better
results, unless these values are compared at the same
shear rate (G). Generally, Al-kaolin aggregates seem
to respond better to re-formation, when compared to
Al-humic aggregates at the same G value.
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Figure 5. (2) Stable diameter (d) evolution for Al-humic aggregates in different mean velocity gradients (G); (b) Stable
diameter (d) evolution for Al-kaolin aggregates in different mean velocity gradients (G).

Brazilian Journal of Chemical Engineering Vol. 35, No. 03, pp. 1029-1038, July - September, 2018



1034

Table 1. Stable diameters and the power law slope coefficient (f) for type
1 water.

G(s') d,(um)  d(um) dsd, B, s,

20 33716 157+ 08 0.47 -1,61 -1,24
30 287+ 14 148+ 08 0.52 -1,23 -4,60
40 200+ 10 154+ 08 0.77 2,97 3,42
50 244+ 12 149+ 08 0.61 -3,19 -4,81
60 217+11 161+ 08 0.74 -3,01 5,11
80 173£09 133+ 07 0.77 -4,58 -5,94
100 156+ 08 141+ 07 0.90 4,18 -5,07
120 146£07 132+ 07 0.90 -4,34 4,67

Table 2. Stable diameters and the power law slope coefficient (8)
for type 2 water.

GG dm)  dm)  dA, 5, A,

20 407£20 233+ 12 0.57 -0,37 -0,56
30 236+ 12 138+ 07 0.59 -1,27 -3,83
40 298+ 15 223+ 06 0.75 -2,01 -4,32
50 197+ 10 124+ 11 0.63 -2,80 -4,37
60 228+ 11 222+ 07 0.98 -3,58 -4,56
80 217+ 08 148 + 06 0.68 -4,32 -5,20
100 166+ 08 123+ 06 0.74 -4,68 -6,60
120 154+ 08 123+ 06 0.80 -5,91 -7,66

The relationship of d, with G is shown in Figure 6.
The same behavior for both Al-humic and Al-kaolin
aggregates is observed with good fit, i.e., coefficients
of determination (R?) higher than 0.79. Futhermore,
the fit parameters (C and y from Equation 2) were very
close. These results may indicate that the inherent
nature of the water constituents has a slight effect
on aggregates, as flocs in the sweep-coagulation
mechanism are incorporated within an amorphous
metal hydroxide. This statement is in agreement with
findings reported by Yu et al.. (2015).
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In contrast, d, did not respond to the G variation
as d, did. As shown in Figure 7, there was a bad fit
for both cases (R*< 0.51). Further, d, did not follow
the same behavior as G was altered, showing it to be
insensitive to G changes. A possible explanation is that
rupture damages the aggregate bonds in an irreversible
way, and thus the surface activity of broken aggregates,
as also observed by Wenzheng et al. (2012). Thus, the
relation between shear-induced and aggregate strength
was lost after breakage.

Reversibility of aggregates monitored by the power
law coefficient (5)

The fits of the log-log plot of Equation 3 can be
observed in Figure 8 for G of 30, 60 and 100 s for a
flocculation time (¢) of 40 min. Results show different
patterns as G values vary, following a direct relation of
G and f in absolute value. For G of 30 s, a slope f§ of
3.83 was found, while for G of 60 and 100 s™! the slope
[ values were 4.56 and 6.60, respectively. So, lower G
values result in a higher relative number of aggregates
in the large size ranges. Therefore, Figure 8 shows that
the variation of G implies a f variation, as the result of
different particle size distributions.

For the same conditions of flocculation, breakage
and re-formation described before, f performance
assays were carried out. Each f value refers to the
nonlinear regression of the experimental aggregate
size distribution, presented by Equation 3. Figure 9
shows a compilation of experimental results carried
out in exactly the same way for the two types of waters
studied.

In Figure 9, values of g, indicate the power law
coefficient for the flocculation stage, while f, refers
to the re-formation stage, i.e., after breakage of
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Figure 6. (2) d, as a function of G for Al-humic aggregates; (b) ¢, as a function of G for Al-kaolin aggregates.
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aggregates. It is clear from Figure 9 that higher § values
were obtained from higher G values, thus indicating
that the aggregate size distribution was displaced to
lower ranges of size when G was increased. Further,
lower f values were observed for the flocculation
stage (f,), showing the abundant formation of large
aggregates before the breakage stage.

Figure 9 still shows that § versus G can be explained
by a linear behavior, and still remains like that after
breakage, i.e., as a parallel line, but in a displaced
position. The displacement of f values from g, to j,
reflects a real change in the aggregate size distribution
and thus in floc properties. This variation clearly shows
the dramatic change in aggregate size distribution, as a
consequence of the irreversible breakage of aggregates.
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Figure 9. (a) 8, and p, as a function of G for Al-humic aggregates; (b) B, and §, as a function of G for Al-kaolin

aggregates.
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Finally, it is clear from Figure 9 that § values
vary over wider range for type 2 water (Al-kaolin)
than for type 1 water (Al-humic), in agreement with
the stable diameter results. However, apart from
the stable diameter (d) behavior, the f values still
respond to G variations after rupture. Therefore, the
breakage of aggregates did not result in sensitivity loss
for f,, despite the lower values of the coefficient of
determination (R?) obtained, compared to f3,.

The results presented here show very relevant
aspects of the reversibility of aggregates, using both
the stable diameter (d) and the power law coefficient
() from the aggregate size distribution as flocculation
and re-formation monitoring parameters. Aggregates
were formed by dosing alum [AL(SO,),-18H,0] by the
sweep-coagulation mechanism for the two synthetic
waters, prepared from kaolin (Fluka) and humic acid
(Aldrich Chemical). Under these conditions, and based
on velocity gradients (G) varying from 20 to 120 s,
breakage of aggregates proved to be an irreversible
process.

The stable diameter values of the aggregates
after breakage (d,) were always lower than their
corresponding values during flocculation (d)), i.e., d,
from 157 to 132 pm for Al-humic and from 233 to 123
um for Al-kaolin aggregates, while varying G from 20
to 120 s'. 8, values after breakage were always higher
than their corresponding values, i.e., from 1.2 to 4.6
for Al-humic and from 0.6 to 7.7 for Al-kaolin.

Results also have shown that the stable diameter
(d) is a powerful tool to follow aggregate behavior as
well as the power law coefficient (f), taken from the
aggregate size distribution. However, £ still responded
to G variations after breakage of aggregates while d
did not.

CONCLUSIONS

Based on the results presented here, it can be
concluded that breakage of aggregates was an
irreversible process for Al-humic and Al-kaolin
waters, thus reinforcing that aggregate rupture must be
avoided as much as possible.

The use of both the stable diameter (d) and the
power law coefficient (f), taken from the aggregate
size distribution, to follow flocculation and breakage
as monitoring parameters is recommended. However,
f exhibited a sensitive response to G variations and
high R? values even after breakage of theaggregates.

As may be expected, lower d values and higher
S values were found for higher G, and vice-versa.
However, the inherent nature of the water had only
a slight effect on breakage of aggregates, suggesting

that the amorphous precipitate of alum may strongly
determine the aggregate properties.
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NOMENCLATURE

d stable diameter (um)

d,  the average of d values during the steady state of

flocculation (um)

d,  the conjugate value of d, after breakage (um)
d _ the longest length of the encased ellipse (um)

n the number of aggregates counted

C  the aggregate strength constant (um-s™)

Y the stable floc exponent (dimensionless)

G  the mean velocity gradient (s)

dN the aggregate number concentration
(dimensionless)

d(d) the incremental change in aggregate diameter
(um)

A the power law density coefficient (dimensionless)
d,  the aggregate diameter (um)

§ the power law slope coefficient (dimensionless)
B, the average of  values during the steady state of
flocculation (dimensionless)

B B} the conjugate value of [ " after breakage
(dimensionless)
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